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Abstract

became apparent in thigeecise is that the idea of a sta-
tionary clutter cwariance matrix, for which therexist

Traditional radar signal pocessing and space-time adap- multiple independent samples, does not really fit the sce-

tive piocessing a carried out in the adar-centric coodi-
nates of ange, Doppler and angle We propose heg a
new approadc for radar signal pocessing whitis carried
out in the gagraphical coodinates of the arfronment.
While sub an approach may present formidable computa-
tional challenges, seeral advantges accrue including:
1) the gagraphical coodinates of the intrinsic codi-
nates for the surveillance quantities of irgst; especially
in the GMTI setting 2) geagraphical coodinates ae
invariant, unlile the position, orientation, and velocity of
the platform, 3) using fixed pameter coadinates facili-
tates the intgration of multiple measements and multi-
ple look angles, and 4) using fixed aareter coadinates
facilitates multiple sensor fusion, since all sessaould

nario at handMuch more appropriate is the idea of a clut-
ter reflectvity in each resolution cell on the ground (such
as in radar imaging), which can be estimated either online
or offline, and which can be used to model the interference
which is competing ainst a taget also set in the ground
coordinates. Aguments for and ainst radar signal pro-
cessing in ground coordinates are presented in Section 2
belown, and results of our radar simulationovk are pre-
sented in Section 3.

A secondary focus of this researctoef was on
algorithms and methods forxm@oiting the electronic
agility of modern radars to adapt their transmit patterns to
maximize the systermn'dfectiveness. Aswve gained &pe-
rience with knavledge-aided sueillance through the use

be collecting information about the same quantities of of radar simulations and geographical data, it became clear

interest. V@ describe heg a reseach poblem utilizing
this appoad, whid incorporate elements of both space-
time adaptive pycessing (SAP) radar simulation using

to us that this secondary "adapton-transmit" problem
was fundamentally more interesting and more important,
and accordingly our interest shifted to what wevmefer

surveillance adars with agility on transmit.

1. Introduction

late that the goal of a sweilance system is to minimize
the conditional entrop or uncertainty regading the state
of nature in the m@gion under imestigation, and accord-

This paper documents partial results from a feasibil- ingly one should choose measurements which maximize
ity study, carried out in the Department of Electrical Engi- the mutual information between the state of nature and

neering at \ashington Uniersity in St. Louis, on

those measurementgor example, in the multiple tget

adwanced methods for radar signal processing whichemak detection problem one might wish to adegi define

use of important side information such as thadilable
from digital terrain eleation maps and other geographical
information systems.

The initial focus of the project onas on lgeraging
existing adaptie cetection and structured waiance esti-
mation algorithms for space-time adapti processing
(STAP) [1,2] detection of ground ming tagets (GMT),
and to deelop nev agorithms where geographical side
information is &ailable. Thisrequired that we @n expe-

beampatterns which place the most transmittedggnan
ground piels that are most interesting or require the most
attention. Analgorithm for doing ractly this is desied
here, which is applicable across a wide range of distrib
tions for the receied data. Thisaspect of our wrk is
described elsehere [6].

The results of our ark, while preliminaryare both
encouraging and intellectually stimulating, and suggest
several lines of follav-on research Specifically we would

rience with acquisition and manipulation of such geo- like to join the tvo lines of research awtty, those of radar

graphical information and to deop simple models for
radar signals which areultt on such dataWhat quickly

simulation using geographical information, and \asti
testing sureillance. V¢ kelieve that it is possible to place



the actve-testing methodology within the comteof an The concept of using multiple measurements or look
airborne radar empying STAP processing and angles to perform inference on some object is of course
GIS/GPSI/INS side informationThe proposed algorithms not nev. It is & the core of algorithms in medical imag-
may require gtensive smulation tools as an ingeal part ing, such as computaided tomograph in which X-ray

of the signal processing itself, for generatingdtheses,  attenuations are reconstructed from multiple projections.
sampling from the posterior distution, or some other In fact, the connection between computerized tomograph
form of analysis-by-synthesisThis suggests a mission and radar imaging & made licit in a landmark paper
role to be played by high-performance commodity graph-by Munsonet al[3]. More recently we have developed

ics engines. methods for generalizing the well-kmn MUSIC and
MVDR algorithms from sensor array processing to the

2. Signal Processing in Ground Coordinates. Pro and multiple look-angle case [4,5]Again, the ley b making

Con this work is to use a coordinate system attached to the

One of the main tenets of ounwk, both current and ~ OPSered scene rather than the ving obserer.

proposed, is that the objeai d surveillance is to gther Of course, gyuments can be madagainst using
information about ground phenomena which can be pre-ground-based coordinate$he most obious to us is that
cisely geolocatedThe cowergence of enabling technolo- it runs counter to 50 years of radar signal processing his-
gies in global positioning systems (GPS), inertialiga tory and accumulatedkperience. Thevery possibility of
tion systems (INS), and geographic information systemsa gound-based approach has only recently become possi-
(GIS) males possible the precise location of the radar plat-ble with adwances in technology for precise geolocation of
form in a local (or global) coordinate system that describesthe platform combined with descriptions of the local geog-
the rggion under imestigation. Sincethe radar will most  raply, and thus it is no surprise that, to the radar engjneer
likely male repeated measurements of thgiosa from a the "natural" coordinates auld be range, Doppleiend
variety of positions or look angles, it mek sense for us to angle. De&elopment of an entirely neparadigm for radar
consider using the wariant coordinates of the ground as signal processing could be costly and time-consuming.
the coordinat_e system for thg processifrg}is is in con- . A second adantage of using radar coordinates
trast to W_hat is dor_1e in traditional rgdar §|gnal processing,.omes from the computational amhtages that accrue
vvhere wariables of interest are described in the radar-coor ¢5y, the rgular mathematical structure fhefford. The
dinates of range, Doppleend a.ngle. We dscuss here et Ryurier Transform (FFT) algorithm is a staple of
some of the adntages and disaautages of such an  qqern digital signal processing, which can be used quite
approach. effectively in both pulse compression and Doppler filter
The most compelling gument for using ground ing. Irregular terrain features, will quite Bty require that
coordinates, it seems to us, is thatytlaee the intrinsic ~ we male a dean break with the FFT - a break which may
coordinates for the quantities undevestigation, and are  be quite dificult for some to accept.
invariant to changes in the radar platforfAor example,
we might tile the ground with rectangular patches defined
by a GIS or terrain map, and thariables of interest might
comprise a binary tget \ectot where a 0 or 1 in patch

The use of ground-based coordinates requires accu-
rate and current data abdudth the radar system and the
local geograpi That is, not only will one need to cali-
oF : brate (or autocalibrate) the radar systeaot,9ome method
would indicate the absence or presence, res@Gtof & o refining or erifying the position of the radar within the
moving taget at that locationRelating the ra data 10 |5c4) geograpy as well as refining or correcting errors in
these paiches seems to us a more natural approach th@fls terrain data, will be required as wetiere we evision
first processing the data in radar coordinates then applyinga gstem of continual or gilar autocalibration in which
some transformation to the results toahthe results to the data support a consensusw the the platform posi-
ground coordinates. tion and orientation, the radar array manifold, and the

A second reason inaf’ar of ground coordinates is local terrain. This seems to us a challenging problent, b
that the are not only intrinsic, theare invariant, meaning  not an insurmountable one.
they are fixed for the entire data collection intatv This
is in contrast to the radawhose position, orientation, and

velocity _cons_tantly changgln order to intgrate multiple embedded computing implementations of proposed algo-
obsenations into a single inference on the state of nature ithms. Currentimplementation dérts may focus on

0, it seems prudent to us to maintain a parameterization Ofradar signal processing algorithms in whichvasiance

0 Whtlch does not change from measurement to measurezgtimation and sample matrix viasion, with indices
ment.

derived from radar coordinates, are theykdeps to be

Finally, the use of ground-based coordinates may
require atensive rethinking of the high-performance



pipelined and otherwise mapped onto multiple processors
It is not clear at this point whether such structures will be

using a hidden swuate remwa algorithm sometimes
known as the Z-Bu€r Algorithm in rendering and simula-

appropriate for the kind of ground-based processing wetion tools. Paches are re-projected onto a coordinate sys-

ervision, which may imolve gaphics operations such as
coordinate transformations, ray tracing, hidden axuef
calculations, and the &k We e a possible role here for
the kind of technology one finds in flight simulators; vir
tual-reality video gmes, and other applications of com-
modity graphics engines.

3. Radar Simulation Using Geographical Data

A substantial €brt was put into the delopment of
radar simulation tools which makuwse of publicly-
awailable geographical informatiorit was understood that
such an dbrt would be duplicating those of\seal other
excellent laboratories; wertheless it seemed to uith-
while as an xercise in educating oursedg about geo-

tem center at the platform with theaxis located on a
line-of-sight. If one patch has a kger z-distance to
anothey and the center of the more distant patch is within
a threshold distance of the clos#hen the further patch is
hidden and does not enter into the calculation of radar
returns.

For each visible patch, the range, thector \elocity
relative 1o the platform, and the area projected perpendicu-
lar to the line-of-sight are compute@he simulated radar
pulse is an omnidirectional sequence of linear FM chirps

of the form
s(t) = A(t) cos(tf.t + mt?)  (3.1)

where f. is the carrier frequencin Hz, a is the chirp rate,

graphical information systems and the signal processingn Hz/s, and A(t) is the amplitude modulation whichas

issues imolved in modeling the radar in ground coordi-
nates.

A preliminary irvestigation was carried out into the
various types of geographical informatiomagable over
the Internet. The two primary sources are the U.S. Geo-
logical Suney USGS) and the U.S. National Imagery and
Mapping Ageng (NIMA). The USGS preides elgation
data in three diérent standards, and land use data i tw
different standards, for the entire U.8SLIMA has ele-
vation data for the entire ovld in the form of Digital &r-
rain Elevation Data (DTED) maps.For ease of use and
manipulation, we chose toork with National Elgation
Dataset (NED) and National Land & Dataset (NLCD)
data from the USGS.

All data were obtained from the U.S. Geological
Suney USGS) Seamless Data Serv Files conform to
the ArcGrid file format, for which one can find freely
available application programs for interpreting the data.

Data points are specified in a geographic projection based

on the M\D83 datum, the GRS80 spheroid earth model,
and the MV D88 \ertical datum. Using this 3-D earth
model, each data setaw recast into a local coordinate sy
tem for use in our simulation, and the datasvimported
into MATLAB. For demonstration purposes, three geo-
graphically interesting datasets were chosére Grand

Caryon, San Francisco Bagnd an unnamed mountain.

S_

In the radar simulation, a radar platform is specified
in terms of its position, orientation, andlecity relatve ©
the earths aurface in our local coordinate systerdsing
the terrain eleation data, the terrain sarde is brokn into

assumed to be either ON or QRFE., A(t) = 1 during the
pulse transmission intea/T and is 0 otherwiseSpecific
parameters are:

f. = 10GHz (3.2a)
o = 1MHz/us (3.2b)
T = 10us (3.2¢)

In this model the pulse bandwidBis approximately 10
MHz (range resolution 30m, see abpand the time-
bandwidth product is thu8T =100. We fransmit a
sequence 16 such pulses in one coherent processing inter
va (CPI), noting the change in distance to each patch for
each pulse within a CPl due to the refativdocity
between the platform and the patchor simplicity, the
angle between the platform and the patch is assumed to
remain constant during one CPI.

The simulated return for a single patch is based on a
random reflectiity model wherein the compteamplitude

of the incident pulse sequence is multiplied by a circular
complex Gaussian randomaviable with standard @@-

tion proportional by the reflectance of that patch, as seen
by the radar platform. We uwse a simple Lambertian
reflectance model, wherein the reflectance is directly pro-
portional to the area of the patch projected onto the radar
line-of-sight. Theland use as specified in the NLCD data
also played a role here, although our assignment of reflec-
tivity to land use ws quite arbitrary and not basedyan
known results of careful scientific studyfo account for
relative vdocity, the return for pulse within a sequence

a st of rectangular patches of size commensurate with thqs multiplied by the linear phase shift teg# where

radar resolution (30 metersp patch here is defined as
the rgion formed by four adjacent ektion data points.
Each patch is determined to be either visible or hidden



0= 2ntf.ndD 3.3)
c
oD is change in distance from one pulse to thd,rendc
is the speed of light.The \ector of such phase shifts,
indexed by n, forms a 16<1 Doppler \ector associated ¥
with each patch.

Visible surfaces — Grand Canyon

The efect of quadrature demodulation and the pulse
compression is also included in the simulatidrhe RF 80
return isnot simulated, bt rather the pulse sequence as
seen through the pulse compression filter whose |mpulse
response is the same &(t). Thesimulated return is sam-
pled at a 10 ns sampling period (sampling riate 100
MHz) over a 0 ps intenal, leading to 3000 samples for =
each pulseThe collected returns for all 16 pulses in a CPI
form a 3000x 16 comple matrix. Thereturns for all the
visible patches in the model are simply summed together |
into one radar recedd data matrix. Note that here we are
a dmulating a single receé¢ atenna, although thexten-
sion to multiple antennas, leading to the usua\Sdata
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cube, is straightforard. Figure 3.2.Visible Suréces in the Grand Cgon
A demonstration xample of our radar simulation o ]
tool is shevn in Figures 3.1-3.2 belo In Fgure 3.1, we One of our objeces is o show how one might

shaw terrain relief for a small area of the Grand @amas ~ €Verage preious results in adapt detection and struc-
represented by the USGS NED terrain data and displayedUréd coaniance estimation using a geogrggifased radar
using MATLAB surface graphing toolsThe simulated simulation tool. Traditional SAP processing of the simu-
radar platform \&s placed in the uppéeft (NW) corner of lated data has not been performed, because the terrain and
this dataset, at an altitude of 3000m of the aefof the land use data lead to a highly nonstationary model for the
reference geoidThe result of applying the hidden sagé clutter covariance, when considgred asa functjon of. range,
remaval algorithm is shen in Figure 3.2, where visible @nd hence the usual paradigm for adepttetection

patches are sha in green and hidden patches in black. involving secondary dataeetors sharing a common distri-
bution is not really applicable.Furthermore, the usual

STAP algorithms use range and Dopplee., the radar
coordinates, and our gming familiarity with the geogra-
Grand Canyon Dataset phy-based systems, where patches are defined in terms of
fixed data points specified in NED datasets, led us to think
in ground-based coordinates (see Section 2&bo

1300

We ae interested in considering statistical inference
problems where the state of natfiréexistence of tagets,
say) was attached to ground objects such as the patches,
independent of the location, orientation, areloeity of
the radar platform.The obserations and wrk we hae
pursued on this contract highlightvesal potentially fruit-
ful areas of research on such inference probleBmne
can be considered generalizations or transformations of
standard signal processing algorithmsABTGMTI, etc.)
Others are inherently medue to the neelty of the prob-
lem formulation.
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We were also interested inviestigating ways that
Figure 3.1.Grand Cagon Terrain Map one might &ploit the electronic agility of the radar to
adaptvely choosemeasurements or radar transmit parame-
ters such as avdorm or beampattern, so that the radar
measurements were maximally informati bout the



desiredd. It may very well be that the problem e#peri-
mental designs just as important as the problemdaita
processingin radar even though it has receed far less
attention to date Accordingly we began an exploring this
relatively unknaown territory (for us at least) through a lit-
erature search andweeal simple "thought xeriments."
This eventually led to some ery encouraging results in
what we nav term active-testing surveillanceOur initial
results in this area are described in [6].

5. Conclusions and Future Work

The results of this study are both encouraging and
intellectually stimulating.We row feel comfortable with 1]
radar simulation using terrain data, based on our admit-
tedly simple reflectity model, and feel that thisxperi-
ence could bextended to include more sophisticated EM
models, and incorporate more features from geographica[z]
information systems, lyend facted-Earth terrain and land-
use models.Likewise, we are encouraged by our initial
results in actie-testing sureillance and feel that this line [3]
of investigation could be quite fruitful in the study of sys-
tems which adaptely attempt to ma& the best use of
their agility on transmit.

Our plans for the immediate future are to bring [4]
together these twresearch resultsWe will attempt to
demonstrate the feasibility of agdi testing in the conie
of an airborne radar emplmg STAP processing and [5]
GIS/GPS/INS side informationAs in all research and
development programs, this will require a series of incre-
mental improements on our established resulitle e
the followving topics as being of immediate interest:

[6]

« Bringing together the radar simulatiorosk with
the actve-testing algorithms, to demonstratewho
the sureillance system can be placed in ground-
based coordinates with accurate geographical side
information.

« Incorporation of linear constraints in the illumina-
tion patten (as occurs with radar beamformers) and
linear mixing in the sensor measurements (as occurs
in the radar receer) into the actte-tesing sureil-
lance paradigm.

« Modifications to the methodology that alldor
differing taget and clutter signatures in the same
cell (tagets will be meing), and for adapte pro-
cessing of interference from unkmo sources, such
as jamming.

¢ Investigation of the applicability of emging
Markov Chain Monte Carlo (MCMC) to the more

complex scenarios evisioned for actie-testing
suneillance.

e Implementation of proposed algorithms in high-
performance embedded computing systems or com-
modity graphics engines.
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